Two new techniques for measuring viscosities at high pressure have been implemented at the TERMOCAL laboratory in order to obtain accurate values of thermophysical properties such as viscosity, especially at high pressures. The detailed uncertainty budgets for both techniques are included in this work. Moreover, the paper studies the compatibility of the results obtained using both techniques according to their corresponding uncertainties in order to obtain reliable data. New viscosity measurements of 1,2,4-trimethylbenzene and 2,2,4-trimethylpentane have been performed and included in the paper.
140) MPa is also presented in this work. Results of calibration with toluene and its verification
with n-heptane and n-dodecane are reported.
The detailed uncertainty budgets for both techniques are included in this work. Moreover, the paper studies the compatibility of the results obtained using both techniques according to their corresponding uncertainties in order to obtain reliable data. New viscosity measurements of 1,2,4-trimethylbenzene and 2,2,4-trimethylpentane have been performed and included in the paper.
Introduction
Most current techniques for measuring the viscosity of fluids require calibration with an appropriate reference fluid at the temperature and pressure measurement [1] . This imposes an upper limit on the achievable accuracy due to the lack of reference fluids, particularly at extreme pressures and temperatures. In fact, all viscosity measurements must be accredited in accordance with the viscosity of water at 20 °C under atmospheric pressure [2] . Yet, there is considerable controversy surrounding the value of the standard reference in these conditions, and there have been several new determinations of the property from the original measurement made in 1952 by Swindells et al. [3] . However, the viscosity value used as a reference has remained intact, despite its uncertainty [2] .
Recent studies on viscosity revolve around two areas of great interest to researchers: developing techniques which can be used to determine viscosity over wide ranges of temperature, pressure and viscosity, and searching for standard liquids that can serve as a reference to calibrate viscometers. Hence, our research group's interest in implementing two new viscometers which can work at high pressure based on different measurement principles.
Experimental section

Experimental techniques
Vibrating wire viscometer (VWV)
The first technique is a vibrating wire viscometer. Its measurement principle consists of a circular section wire of radius R, length L (L >> R) and known density, tensioned and anchored at both ends [4] . It is surrounded by the fluid whose viscosity is being determined. The wire is oscillated on a plane perpendicular to its axis through an initial displacement in the initially stationary fluid. The equipment is used in forced mode, generating a disturbance and maintaining it in time. The resonance curve characteristics of the wire transverse oscillations are studied since they are determined by the viscosity and density of the fluid [5, 6] .
The Navier-Stokes equation allows viscosity to be calculated using the frequency and the damping of the wire oscillatory motion, both in vacuum and in the fluid of interest. The mathematical model imposes certain conditions which can be taken into account when designing the equipment, and there is a correction since the wire is not immersed in an infinite sample volume [6, 7] . If the wire radius is measured accurately, no calibration liquid is necessary, such that it would be an absolute measuring method. The viscosity measurement range varies depending on the diameter of the wire used, such that the same equipment can operate in different ranges by simply changing the diameter, although it is still not possible to use it for high viscosities. In recent years, studies have been conducted aimed at increasing the viscosity range of these techniques [8, 9] . Its main advantage is that it may be used to make absolute measurements or may be calibrated based on a small number of data.
The circulation of a constant sinusoidal current through the wire, combined with the constant magnetic field, produces the vibration of the wire. The electromotive force (EMF) generated through the vibrating wire can be measured with a lock-in amplifier in two stages, and is the sum of two complex terms V 1 and V 2 [10, 11] .
V 1 is the voltage due to the electrical impedance of the fixed wire and is expressed by the following equation:
where f is the frequency, i is the imaginary number and a, b, c are adjustable parameters determined by regression that account for the electrical impedance of the wire and absorb the offset used in the lock-in amplifier to ensure that the voltage signal is detected in the most sensitive range. V 2 comes from the wire movement and is proportional to the speed of the wire. It is expressed by the following equation:
where  is the amplitude, f is the driven frequency, f 0 is the resonance frequency in vacuum,  0 is the logarithmic decrement of the wire in vacuum, β = k· s is the additional mass of the fluid and β' the damping due to the fluid viscosity (β'=k'·ρ⁄ρ s ); k and k' are functions of Ω=(2πfρR 2 )⁄η.
Here,  and  are the density and the viscosity of the fluid, respectively, and R and  s are the radius and density of the wire.
Using the approximation [12] , viscosity can be expressed by equation (3):
f b , is the half-width of the resonance curve and f r is the resonance frequency. The sensor is placed inside a pressure vessel and both are mounted between the poles of the Al-Ni-Co-Fe magnet block with an "U" shape to maintain it in a constant external magnetic field.
Set-up and
The driven voltage and the wire response are measured by means of a Stanford Research Systems lock-in amplifier dual phase, digital signal processor (DSP), model SR830.
The temperature of the pressure vessel with the sensor is controlled with a thermostatic bath (Hart Scientific, model 6020) with an operating range from 20 °C to 300 °C. It is measured using a high precision ASL F100 thermometer and two Pt-100 calibrated and traceable to national standards with an extended uncertainty (k = 2) of ± 0.02 °C at T = (-40 to 230)°C.
The system is pressurized using a variable volume control, HIP, model 68-5.75-10 and a GE Druck DPI104 digital manometer is used to measure pressure with an extended uncertainty (k =
2) of ± 0.02 %. This was calibrated and traceable to national standards. The fluid can be loaded into the system manually or using ISCO syringe pumps 260D.
Measurements are performed using two different programs written in Agilent VEE-Pro V7.0.
According to the calculation equation (3), the internal damping term, Δ o , and the radius of the wire, R w should be calibrated first. Calibration of the internal damping term was performed in vacuum and ambient air. To obtain the radius of the wire, R w , toluene was used since its properties are well-known.
Uncertainty Budget. Calculating the uncertainty of the vibrating-wire viscometer is based on the GUM 2008 document [14] . In order to apply the law of propagation of variances with explicit functions, equation (3) is used. This sets the dependence between the viscosity of the fluid inside the sensor and the oscillation frequency of the vibrating wire, as a function of variables: f r , R w , , f b ,  s (resonance frequency, wire radius, fluid density, bandwidth and wire density, respectively).
Thus, the standard uncertainty of the dynamic viscosity can be expressed as:
Each variable depends on the experimental conditions T, p, or both, as well as f r (T,p), f b (T,p),
. Therefore, the contribution of partial uncertainties is evaluated for each variable under experimental conditions (T, p).
Derivatives of equation (4) are specified in the following equations:
And the equation (4) is reformulated as equation (10):
Falling body viscometer (FBV)
A falling body viscometer is apparatus whose working principle is based on measuring the time of a body falling through a vertical tube which contains the liquid being measured. The measuring cell was manufactured by Top Industrie following the design made by the "Groupe de
Haute Pression, Laboratoire des Fluides Complexes" at the University of Pau in France [15] .
However, the experimental setup and automation was developed in full at the TERMOCAL laboratory using high pressure equipment. It can measure viscosities in wide pressure and temperature ranges, p = (0.1 to 140) MPa and T = (253.15 to 523.15) K.
Assuming laminar flow and the body reaching its terminal velocity without eccentricity, equation (11) , based on Stokes' law together with Newton's second law, could theoretically describe the behavior of this type of viscometers:
The terms of the equation are: η the viscosity, K a calibration constant which depends on the instrument and the falling body, Δρ the difference between the density of the body material and the liquid density and finally, Δt the time recorded between the two coils.
Ideally, K could be determined without any calibration procedure using the instruments the known dimensions, the body mass and its density applying a mathematical expression. However, in practice, this is not advisable because the actual operation of the instrument departs from the simplified model given by said mathematical expression for many factors [16] , which is why a calibration procedure is always performed in this sort of viscometer.
Several ways of calibration based on this model have been successfully applied: from the use of a single calibration constant modified by thermal expansion coefficients to the use of several calibration constants for each temperature and pressure set [17] . However, in our case, directly applying the model described by equation (11) has not allowed us to approach the study of viscosities because of its inability to reproduce the actual behavior of our viscometer in the range of viscosities herein studied (up to 1.3 mPa·s).
Given that viscosity (η) depends on fall time (Δt) and the difference between the falling body density and liquid density (Δρ), these terms must be present in our model. After several tests, the best relationship found between viscosity (η) and the characteristic variables (Δt and Δρ) could be the one expressed by:
This equation, which has already been used for this kind of apparatus for low viscosity fluids, describes much more faithfully the behavior of our viscometer after applying correction at atmospheric pressure. The main difference from other authors is how we use it. As will be shown in the calibration procedure, we can apply the equation regardless of temperature and pressure.
This is a major advantage since measurements can be performed with a single calibration curve under any temperature and any pressure conditions although measured viscosities must be within its viscosity calibration range. Pressure is controlled using two different piston cylinders which can be operated manually or by means of a step by step motor. A digital Druck DPI 104 manometer is used to measure it with an extended uncertainty (k = 2) of ± 0.02 %, calibrated and traceable to national standards.
Set
The body used is a cylinder, with a hemispherical end, which is made of magnetic stainless steel to be detected by the coils. The density of the body, which can be considered approximately constant, was determined using a pycnometer, and its value was 7.673g·cm -3 ± 0.017 g·cm -3 .
The length of the body is 20 mm and its diameter is 6.35 mm. It goes through a tube which has an inner diameter of 6.52 mm. Therefore, the ratio between the inner diameter of the inner tube and the diameter of the falling body is 0.974, which is higher than the critical value of 0.93 established by Chen et al. [18] and also higher than the more conservative value of 0.95
established by Vant and cited by Schaschke et al. [19] . Working below these values might cause undesirable eccentricity effects.
As already mentioned, the coils are located towards the bottom of the tube to avoid any transient state and so as to favor terminal velocity being reached. In a previous work [20] , it was proved that the time between the first and second coil is approximately the same as the time between the second and third coil, and the third and fourth coil for the most unfavorable case Falling-time is determined using the signal detected by the coil detectors arranged along the tube, which has two circuits. The primary circuit is fed with a wave generator and the induced signal of the secondary circuit is detected by an oscilloscope.
The key to good performance in this type of viscometer is the accuracy of the measured times.
In this sense, a time measurement system shown in Figure 4 was designed.
First, the arbitrary waveform generator Agilent 33220A provides a sinusoidal signal (2 Vpp, 450 Hz) which feeds primary coils, connected in parallel. Secondary coils are connected in phase opposition, such that the exit signal will be flat most of time except when the body passes through the coils. At that moment, the magnetic body generates a disturbance whose envelope digitized passing through the Multifunction Data Acquisition Unit (model Agilent U2352A),
with an extended uncertainty (k = 2) of ± 0.01 s. A fit is then made using polynomial functions and the last step consists of determining the relative extreme points of those functions so as to obtain the falling time. This time measurement system is an important improvement for this kind of falling body technique, and provides accurate time measurements which will contribute to accurate viscosities.
falling time into the equation and, after that, adding a correction which is the difference between a reference viscosity and the viscosity from our model at atmospheric pressure for each isotherm.
Reference viscosities at 0.1 MPa will be those measured using a vibrating wire viscometer. This is why we do not provide viscosity values at atmospheric pressure with this falling body equipment in the present work.
Uncertainty Budget. Calculating the uncertainty of the falling-body viscometer is based on the GUM 2008 document [14] . Equation (12) is used as a calibration model. The contribution associated to calibration function coefficients has two main parts, one associated to calibration parameters a, b, c (equations (13) to (16)) and the part associated to the independent variable of the fitting (equations (17) and (18)).
The uncertainty associated to calibration function coefficients will be the combination in terms of variances of the two parts described before, as shown in equation (19):
Materials
The following section provides the results obtained for the calibration of both techniques, the results of the uncertainty calculations and their validation through the viscosity measurements of some pure hydrocarbons. The characteristics of the pure compounds used in these measurements are summarized in table 1. The purity of the chemicals was checked by gas chromatography and all were used without further purification. Dynamic viscosity of toluene [21]  (mPa·s) 0.5906
The uncertainty experimental viscosity obtained by the vibrating-wire viscometer has been estimated using equations (3), (4) and (10),. Due to the characteristics of the wire, the upper limit of the viscosity range is 35 mPa·s. The example shown in table 3 corresponds to the results for toluene at the highest pressure and lowest temperature working conditions. The estimated relative expanded uncertainty (k=2) is less than ± 1.5%. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 wire, the radius wire calibration and, due to the high pressure conditions, the pressure calibration.
The  /mPa·s
Uncertainty calculation based on the model expressed by equation (12) is shown in tables 7
and 8 for two measurements in the limits of the viscosity range. Considering a normal distribution with a coverage factor k = 2 (confidence level of 95.45 %), the relative expanded uncertainty varies from ± 4.0 % for the most viscous point to ± 4.9 % for the least viscous point.
These values concur with the values given by other authors [23] . With regard to n-heptane, the correlation proposed by Assael et al. [22] was used to compare our experimental viscosities in order to check the technique. For n-dodecane viscosities, the correlation proposed by Caudwell et al. [10] was used. Densities for both compounds were taken from the literature [24] . Relative deviations from the literature are plotted in figure 8 , and show that these deviations are always smaller than the uncertainty of the apparatus. 
Other Hydrocarbon Measurements
In this section, viscosity measurements performed for 2,2,4-trimethylpentane and 1,2,4-trimethylbenzene using both techniques are presented and compared. Before presenting these data, table 10 contains the dynamic viscosities of n-heptane determined using the vibrating wire viscometer. The root mean square deviation between these values and those calculated using the correlation given by Assael et al.
[22] is 0.24 %, which is lower than the estimated uncertainty of the measurements.
In [28] [29] [30] . The relative deviations between experimental and literature data are shown graphically in Figure 9 . This comparison is done with the values obtained with the vibrating wire viscometer since they are measured at the same temperatures. [28] ;  at T = 298 K and ○ at T = 353 K in comparison with Krahn et al. [29] ; ◊ at T = 298 K, □ at T = 323K and  at T = 348 K in comparison with Padua et al. [30] .
It can be observed the good agreement of our data with those of the literature, the average absolute deviations were: 0.8 % in comparison with Dymond et al. [28] , 1 % in comparison with Krahn et al. [29] and 0.5 % in comparison with Padua et al. [30] which were also measured using a vibrating wire viscometer. A detailed study of uncertainties was performed and relative expanded uncertainties (k = 2) between ± 4.0 % (1.30 mPa·s) and ± 4.9 % (0.31 mPa·s) were obtained.
The falling body viscometer was validated using n-heptane and n-dodecane and most deviations were within ± 2 % compared to the literature, far from uncertainty limits.
Finally, the compatibility of these two techniques was tested by comparing their experimental results, most deviations coming to within ± 3 % and always emerging as lower than FBV uncertainty limits, which is the equipment evidencing the highest uncertainty values. Therefore, good agreement between both viscometers has been
shown. 
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